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Abstract
The emergence of new methodologies with promising applications that could impact nuclear security and
emergency preparedness detection systems in the near future motivate the development of computational
tools that allow the theoretical investigation of the relevant design parameters for such detection systems.
Here, we present Monte Carlo simulations using the MCNP6 code to investigate the use of fast neutronneutron and gamma-neutron coincidences in addition to conventional methods for detection of special
nuclear materials (SNM) using inorganic scintillator detectors. The results show fair agreement between
MCNP6 and MCNP-PoliMi simulations for neutron-neutron coincidences and that coincident detection of
gamma rays and fast neutrons has a potential for enhancing the sensitivity for detection of SNM
compared with conventional gamma-ray, single-neutron, and fast neutron-neutron coincidence detection
schemes.

Keywords: organic scintillator detector, Monte Carlo simulations, MCNP, nuclear security, special
nuclear materials

I.

Introduction

Nuclear and radioactive materials outside of regulatory control (MORC) are detected with radiation
detection systems, such as Radiation Portal Monitors (RPM). The use of organic scintillators for neutron
detection in such applications [1–5] is a new technology that has gained attention in recent years. In 2011,
the International Atomic Energy Agency (IAEA) addressed the possible future shortage of helium-3 by
encouraging investigation of new neutron detection systems replacing the helium-3-based neutron
detectors [6] currently used, leading to an enhanced focus on such developments. However, gas-filled
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proportional counters based on helium-3 still remain the most commonly used detectors in nuclear
security systems [7, 8].
Organic Scintillators with fast timing and pulse shape discrimination capabilities enable efficient
detection and identification of gamma rays and neutrons [2, 9]. The use of this type of detectors may
result in a higher sensitivity for detecting special nuclear materials, since nuclear fission is associated with
the emission of neutrons and "cascades" of gamma rays depopulating excited states in the fission
products. Most of these gamma rays are "prompt,” i.e. emanate from short-lived nuclear states, and their
multiplicity distribution can be extended significantly beyond an average of 5-10 [10–12]. The use of
particle coincidences has been extensively used in the quantitative analysis of samples with respect to
their content of SNM. A priori, the use of gamma-gamma correlations is appealing due to the relatively
high multiplicity of gamma rays as mentioned above. However, in the presence of strong background
radiation from radioactive decay gamma rays the rate of accidental coincidences may be a concern. The
strong attenuation of gamma rays in dense and large objects also needs to be considered, e.g. in nuclear
safeguards applications. Therefore, neutron-neutron (nn) coincidence techniques are usually preferred [2,
5, 13–17] as they are also subject to low natural background rates, even though the spread in the
correlation time for neutrons pairs is larger than for photons, due to the time-of-flight dependence on the
neutron energy. Indeed, it has been shown [5] that a multidetector setup based on organic liquid
scintillation detectors can be as efficient in detecting SNM as a high-end commercial system based on
moderated helium-3 counters [18]. Another promising development is the use of fast gamma-neutron (gn)
coincidence correlations between prompt neutrons and gamma rays in the quantification of fissile
materials in nuclear safeguards and security applications [19]. Gamma-fast neutron coincidence detection
may have a higher sensitivity as well as a higher specificity than fast nn coincidences for the detection of
SNM due to high gamma-ray multiplicity and the unique time correlations between the photons and
neutrons emitted in fission, respectively [17, 19, 20].

A key issue for the design of detector systems for this purpose is the ability of a theory to accurately
reproduce the particle and photon emission from fission and its implementation in state-of-the-art Monte
Carlo codes [20]. Computational simulations can be used to study the design and key parameters of a
system prior to prototype development, which is time and cost reducing, and may also improve the
definitions of system performance criteria.
In a previous study [19], the use of gn coincidence counting rates was proposed as a sensitive method for
detection and quantification of SNM. This study presented a comparison between gamma- gamma,
neutron-neutron, and gamma-neutron time correlations along with the respective simulations results. This
paper continues the investigation of the use of gamma and fast neutron coincidences to detect nuclear
materials using Monte Carlo simulations. Considering the possible applications of this technique, we
present a sensitivity analysis of fast nn and gn coincidence counting rates with respect to the effective
mass of the sample, as well as a comparison with literature results obtained with MCNP-PoliMi.

II.

Method

In this work, version 6.2 of MCNP, which is a merge between MCNP5 and MCNPX, is used for the
design study of an RPM application. The code includes fission multiplicity options and a new model
applied for correlated prompt secondary particle production [21]. The spontaneous decay option that was
implemented in MCNPX (2008) has been extended in version 6 to include spontaneous fission neutrons
(PAR=SN), and the codes CGMF and FREYA [22], which includes gamma ray multiplicity information
for fission events.
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A.

MCNP simulation details

To simulate the spontaneous fission source, the SDEF card was used with PAR=SF (Spontaneous
Fission), and the fission model CGMF [22] was chosen in the FMULT card. The emitted neutrons and
photons with their associated multiplicities are correlated with each fission event. MCNP samples the
energy distribution from the two Watt-fission spectra parameters [21]. Decay gamma production is
included by the source option PAR=SP (Spontaneous Photons), based on the relative activities of the
unstable isotopes in the material. The energy spectra for induced fission is chosen from parameters in the
nuclear data tables of transport cross section.
The PTRAC card was used to create an output data file of user-filtered particle/cell events, recording
information such as: type of event (collision, capture, termination or a banked event); time of a given
event; momentum; and particle energy after a given event. In the literature [23, 24], this card was
previously used with the option for coincidence neutron capture and with the CAP option (neutron
capture tally), that scores the number of captured neutrons in a specific combination of nuclides at the end
of each history. In the present study, we tracked the particle scattering events and accessed the time
between correlated neutrons and gammas from fission events and their deposited energy as predicted by
the simulations.
A MATLAB™ [25] post processing code was created to organize the PTRAC output file in a table, filter
the events, perform the coincidence counting, and calculate the correlation time and energy deposition.
The script identifies scattering events for neutrons and gammas generated in the same fission event that
occurred in different detectors within a coincidence time window of 200ns. Ref. [19] presents the
validation of the computational model and method used for gamma-neutron and neutron-neutron
coincidence counting.

III. Results
A.

MCNP6 and MCNP-PoliMi

The Monte Carlo code MCNPX-PoliMi is commonly applied for such studies and has been developed
from the MCNP code for special use in safeguards experiments that rely on the detection of prompt
neutrons and gamma rays from fission [3, 5, 19, 20, 26]. One special feature of the MCNPX-PoliMi code
is that it provides tallies on an event-by-event basis. An equivalent tally, used here, can be produced by
MCNP6, and MCNPX, using the PTRAC card option.
The single neutron and neutron-neutron coincidence count rates for four different PuO2 samples were
calculated with MCNP6 and compared with the experimental data and MCNP-PoliMi calculations
presented in Ref. [5]. The experiment reported in Ref. [5] made use of four Eljen Technology EJ-309
liquid scintillation detectors [27]; two of 5’’x 5 ’’and two of 3’’x 3 ’’size. A time-synchronized 8- channel,
250 MHz CAEN VX1720 digitizer module was used to sample the pulse waveforms from the detectors
during approximately 180 s per sample. It consisted of two concentric rings of eight, placed in a
cylindrical geometry around the samples, using an aluminum holding structure with a cavity diameter of
34 cm. MCNP6 modelling setup is presented in Figure 1.
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Figure 1: MCNP6 modeling of experimental setup [5]. The sample was placed at the center of the setup and surrounded
by 1 cm lead shielding.

Figure 2 presents the neutron singles and nn coincidence rates as a function of the 240Pueff mass for the
experimental data and the corresponding MCNPX PoliMi simulations taken from Ref. [5] along with the
MCNP6 simulations performed in the present work. All error bars for simulation results are added in the
plots, although sometimes not visible since it was smaller than the data point in some cases. The error
bars represent statistical uncertainty approximated to a Poisson process for the coincidence count
uncertainty.
Energy cuts selecting events with neutron energy losses between 0.65MeV to 6.6MeV in the sensitive
volume of the detectors were applied in accordance with those adopted in Ref. [5]. With detector count
rates of around 1 kHz, there was not a significant pileup of fission events. Therefore, no correction was
applied to the simulation results to compensate for such effects.
a)
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b)

Figure 2: Single-neutron (a) and nn coincidence (b) rates as function of 240Pueff mass for experiment 1.
The experimental data and MCNPX PoliMi simulations are taken from Dolan et al. [5].

The measurements and MCNP simulations are in quite good agreement for both the single-neutron and nn
coincidence count rates in this case. However, the MCNP6 simulation performed somewhat better than
MCNP-PoliMi for coincidence events. It is important to note that there are expected differences between
the simulation and the experimental data due to certain experimental factors which are not taken into
account by the simulation code, such as the non-uniform light collection in the scintillators and the misclassification of particles in the PSD selection. As discussed in Ref. [5], the rather limited discrepancies
between the experiment and the simulation could be explained by experimental limitations rather than the
simulation parameters and physics description.
Table 1 presents the comparison between the experimental results and the MCNP6 simulations in
numerical form. The difference between measured and simulated nn coincidence rates were found to be
between 11% and 4% [5]. Differences of similar magnitude were reported in the comparison with MCNP
PoliMi simulations by Dolan et al. [5], presenting a maximum of 13% difference for the smaller sample,
number 1. The single neutron rates presented smaller differences, ranging from 2% to 8%.

doi:10.7290/ijns070104
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Table 1. Ratios of single-neutron and nn rates obtained in experiment [5], relative to values calculated
using MCNP6.
Ratio (Measured [5]/MCNP6)
Sample
ID

single n

nn
coincidences

1

1,03±0.010

0,89±0.008

3

1,08±0.010

0,90±0.009

4

0,95±0.009

0,93±0.009

2 +3

0,97±0.009

0,96±0.009

1+3+4 *

1,02±0.010

0,96±0.008

*In Ref. [5] this point is presented as a sum of samples 1,2 and 3 but the total 240Pu mass doesn’t match.
The correct mix of samples for this point seems to be 1,3 and 4 according to the total mass reported.
B.

Neutron-Neutron and Gamma-Neutron Coincidence Count Rates

Gamma-neutron coincidences counting rates were calculated and compared with the neutron-neutron
rates. Figure 3 presents gn and nn coincidence counting rates as a function of Pu-240 effective mass for
the five samples.

Figure 3: MCNP6 calculated neutron-neutron and gamma-neutron coincidence rates as function of 240Pueff mass.

doi:10.7290/ijns070104
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As shown in Figure 3, the gn coincidence rate is a more sensitive measure of the Pu-240 effective mass
than the nn coincidences without shielding. The difference is approximately a factor of 4, as calculated by
the slope of the coincidence rates as a function of Pu-240 effective mass. The high sensitivity of the
proposed methodology opens possibilities to investigate the application of the method in SNM pedestrian
monitors, where detection in order of a few grams is necessary [28].
C.

Impact of Shielding on gn Coincidence Rates

In order to address possible applications of the method, we have performed MCNP6 simulations for the
setup presented in Ref. [5] with different shielding configurations, considering the largest Pu-240 sample
presented. A broader range of thicknesses, 1 to 7 cm of lead, polystyrene and water shielding,
respectively, were applied. The setup design chosen imposed the limit on the thickness range. Dolan et al.
[5] made use of lead shielding of 1 cm thickness to decrease the gamma-ray flux reaching the detectors,
and explains the rate of photon/neutron misclassification in the experiment. They reported a decrease of
20% in the neutron doubles detection rate, calculated by MCNPX-PoliMi simulations when such
shielding was applied, compared to when no shielding was present.
Despite the fact that lead shielding affects the gn coincidence rates much more than the nn coincidence
rates (as expected, since the cross section to gammas in lead is higher than for neutrons), for small
thicknesses (less than 4 cm), the rate of gn coincidence is still greater than the nn coincidence rate. From
4 cm of lead and beyond, the attenuation suffered by the gn rate is enough to reduce it to the same level as
the nn rate, as can be seen in Figure 4a. Due to the high quantity of hydrogen, water, and polystyrene
shielding reduce the nn coincidence rate much more than the gn rate (see Figures 4b and c), hence the
predicted gn coincidence rates remain higher until the thickness limit studied – 7 cm.
Figure 5 presents the normalized attenuation of gn coincidence rates calculated with MCNP6 for the three
types of shielding studied. The calculations indicate that 50% of attenuation on the detection of gn
coincidences is achieved for 1.5 cm of lead, 2.5 cm of polystyrene and 5 cm of water, respectively.
a)

doi:10.7290/ijns070104
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b)

c)

Figure 4: MCNP6 calculated neutron-neutron and gamma-neutron coincidence rates for (a) lead, (b)
polystyrene and (c) water shielding as a function of shielding thickness.
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Figure 5: Normalized attenuation from MCNP6 calculated gamma-neutron coincidence rates as function of water,
polystyrene, and lead shielding.

IV. Conclusion
In this study, we performed Monte Carlo simulations for prompt nn and gn coincidence counting using
liquid organic scintillator detectors in the presence of plutonium samples with varying amounts of
shielding, focusing on applications in special nuclear material detection. To investigate the proposed
technique for realistic conditions in different applications, we adopted a new Monte Carlo simulation
approach that makes use of the MCNP code in its version 6 and the PTRAC card for calculating particle
coincidences rates on an event-by-event basis. The MCNP6 simulations were in good agreement with the
experimental results presented by Dolan et al. [5], with a maximum difference of 11% for the nn
coincidence rates. Equivalency was also found between the MCNP6 performed in the present work and
the MCNPX PoliMi simulations reported earlier [5], indicating that MCNP6 is comparable to the MCNPPoliMi code in these conditions when it makes use of the PTRAC card.
The results confirm that gamma-neutron coincidence counting results have significantly higher sensitivity
to small amounts of SNM (as measured by the Pu-240 effective mass of the samples) than neutronneutron coincidence counting without the presence of shielding [19]. The high multiplicity and the short
time-of-flight of gamma-rays make the detection of gn coincidences more abundant than nn coincidences
when no shielding is present. The same applies to cases with moderate amounts of lead or water
shielding. Notably, a 4 cm thick layer of lead shielding is required to attenuate the gn coincidence rate
down to the same level as the nn coincidence rate, whereas water and polyestyrene shielding increases the
relative efficiency of gn coincidence counting compared with nn counting.
These features are particularly advantageous for pedestrian RPM systems where neutron sensitivity test
standards require the use of polyethylene shielding, whereas any metallic shielding is typically detected
by other means, as X-ray machines. Further investigation on the use of fast gn coincidence counting as a
means to detect SNM in RPM applications was performed by simulations and experiments [29] following
the standard ANSI N42.35-2016 [30]. It was shown that implementing the fast gn coincidence technique
in addition to the standard single gamma and neutron counting improves the sensitivity of the system,
making it possible to establish lower alarm thresholds and enabling lower false alarm rates.
The direct detection of the fast neutrons emitted from SNM and preserving the information on their
direction and energy also enable imaging capabilities that are being investigated by our group.
doi:10.7290/ijns070104
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Other applications in nuclear safeguards, such as spent fuel verification, are also under investigation using
Monte Carlo simulations and measurements.
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